li. • located in the bedrooms and the living room. In some Scandinavian applications, the fresh air is driven by a second fan (of somewhat smaller capacity than the exhaust fan), and forced through the space-heating unit shown as "fan coil" in Figure 1 before entering the house.
Also shown schematically in Figure 1 , is the heat pump that extracts energy from the exhaustairstream by means of a refrigerant evaporator and transfers it by means of a compressor and a condenser either to the tap water or to the indoor air. Figure 1 shows a configuration with two condensers and a switchable valve that determines which condenser is connected to the refrigerant compressor. This configuration is the main object of investigation in this paper. Another system that is investigated has a single refrigerant condenser located in the hot water tank and a tap-water recirculation loop to the fan coil for space heating (In some applications, high-pressure radiators or floor heating tubes are used instead of a forced-air coil). A third configuration of the heat sinks that is not studied in this paper is the use of the heat pump condenser as one heat source of a full hydronic heating system where the additional heat source is, for example, electrical immersion heaters placed in the same radiator water circuit. In most applications of a fan coil focspace heating of the type shown in Figure 1 , additional heating capacity is required in the form of electric base board heaters, for example.
Many kinds of domestic heat pumps for heating duty have received considerable attention in the technical literature. An excellent overview is provided in [1] . However, detailed information. on the performance of EAHPs is quite scarce. This was experienced by the authors in a previous modeling-based investigation of an EAHP system functionally similar to that in Figure 1 [2] . In that investigation, the authors had to use a manufacturer's bulletin for an EAHP that is no longer available for information on such important parameters as the coefficient of performance (COP).
The investigation [2] indicated that energy savings resulting from EAHP operation in an all-electric house were sensitive to factors that affected both load duration, i.e. compressor on time, and the coefficient of performance of the EAHP. The component of greatest uncertainty with regards to system behavior was the water tank, and specifically the thermal stratification in the tank. It is well known that the time-average temperature in the bottom of the hot water tank of Figure 1 is lower than the time-average temperature of the tap water drawn from the top of the tank, but quantification of this effect by modeling proved difficult. The difficulty of modeling the stratification was a main impetus for the experimental EAHP investigation of this paper. Although the main objective of the present study was to investigate the COP of EARPs in typical unsteady-state operation, it became apparent that the entire system consisting of the EARP as a heat source coupled to the two heat sinks (water and house) warranted further study. A second objective of this paper thus became a critical study and modification of the conventional EARP control system, so as to improve load duration (compressor operation) of the heat pump. The main control difficulty associated with the EARP system is one of assigning the correct priority between the two heat sinks, considering that the water heat sink has a significant accumulative capability whereas the house heat sink does not. Both sinks are, of course, unsteady-state in nature because tap-water draw rates are highly variable and so is the weather-induced space-heating demand.
Specifically the objective of this investigation was (I) to experimentally determine the COP for two different EARPs under realistic tap-water usage schedules and to correlate the COP with temperatures surrounding the condensers and (2) to modify the control system for improved load duration for an EARP with both water and space heating load. We discuss our experimental results, propose a new control system, and estimate the energy savings that could result by use of an EARP with the proposed control system in all-electric house located in Portland, Oregon.
STUDIED SYSTEMS
Specifications for the heat pumps are listed in Table 1 . Unit A has a smaller compressor than Unit B; however, Unit A has a larger COP (according to results discussed later) making the rate of energy extraction from the exhaust air nearly identical for the two heat pumps. Unit A functions like the EARP shown in Figure 1 except that the condenser is wrapped around the entire water tank. Unit B on the other hand, has a condenser in the bottom of the tank like the one shown in Figure 1 . Unit B is equipped with a water pump that can be connected to a hot-water-heated radiator or fan coil, l;mt this option was studied only superficially.
The experimental set up and the procedure for testing the heat pumps have been described in detail elsewhere [3] and will not be repeated here. Only two items pertaining to the experimental procedure need mention here: First, four vertically distributed temperature measurements inside the water tank were important with regard to determination of water-stratification effects. Second, the water demand timing system allowed different hot water demand schedules to be used. The 
WATER-HEATING RESULTS
In water-heating mode, the heat pumps were tested in 24-hour runs primarily devoted to the study of the following parameters: daily hot water demand (0-500 liters), demand schedule as shown in ,, data where COP is defined as total heat transferred by the heat-pump condenser in one test run divided by total electric energy supplied to the heat-pump compressor in the run. Energy balances for all tests reported in this paper (including space-heating tests) were 97.9 ± 3.6% for Unit A and 98.6 ± 1.5% for Unit B (The energy balance is the ratio of heat-pump condenser heat over the sum of evaporator heat and compressor energy). The standard deviations of 1.5% and 3.6% are quite acceptable (the higher number for Unit A is due to the fan-coil runs that had less precision than the water heating runs), but both units produced a small bias in the energy balance:
approximately 2% of condenser heat was unaccounted for on the evaporator side. This bias is possibly explained by the imperfect insulation of the heat-pump air compartment that resulted in a heat gain from the environment unaccounted for in the measurements.
The data in Figure 5 show that the performance of Unit B, with its condenser in the bottom of the tank, can be correlated to the time-average (average when compressor is on) temperature of the water in the bottom of the tank as expected based on our physical understanding of heat pump operation. Similarly, Figure 4 shows that the performance of Unit A with its large wrap-around condenser can be correlated to the time-average temperature of all water within the tank (hereafter is approximately independent of water conditions over the region of practical interest. However, a very low water demand reduces the offset for both heat pumps, but low water demand means little water-heating load, and hence reduced significance in total energy savings computations. As expected, the stratification-induced temperature offset is larger for Unit B (9.8 "C in Figure-7) than for Unit A (5.5 "C in Figure 6 ). This is, of course, mostly a consequence of the different COP correlating temperatures: i. e., tank bottom temperature for Unit B and the tank average temperature for Unit A.
Combining the results for Unit A in Figures 4 and 6 and for Unit B in Figures 5 and 7 , the increase in COP due to the stratification offsets can be determined to be +0.42 for Unit A and +0.35 for Unit B. Thus, stratification causes a 15% increase in COP for both units at a hot-water delivery temperature of 52.5 "C. The reason for similarity in the effect of stratification on COP is that Unit B has a stratification temperature offset twice that of Unit A but at the same time its COP has a temperature sensitivity half that of Unit A.
For Unit A, the steep drop in COP with tank-average temperature (or with hot water delivery temperature because of the simple empirical offset between the two) has an important consequence --if high hot water temperatures are required, more energy efficient operation would result by using the heat pump to heat the incoming water from the supply water temperature T wrn to an For example, if Twin is 15 "C, optimal heat-pump operation is to heat the water to no more than 60.5 "C using the heat pump (temporal-mean tank-average temperature= 55 "C), and to use electric· resistance heating from there on. Although an optimal heat ·pump outlet temperature of 60.5 "C is somewhat above the region of practical interest, the existence of this optimal point has an ··•, important practical consequence --the total energy consumption for water heating is quite insensitive Figure 4 for the case of water heating). However, the benefit of this reduced air temperature can only be realized with outside air blown through the fan coil and not in the more common situation of room air recirculating through the fan coil unit.
COMBINED WATER AND SPACE HEATING RESULTS
Only heat pump A was tested in combined water and space heating mode. The Unit A control system gave priority to water heating, thus, for combined runs with 24-hour compressor operation, slack times (time periods without a water heating demand) were simply used for fan-coil operation with no limit on the space heat sink. The results of a series of such runs are shown in Figure 9 .
This series of runs starts out as purely space-heating in the left most run in Figure 9 , and water load is increased to the right in the figure by increasing the heat pump's water thermostat setpoint.
(The water outlet temperature is maintained at 50 "C in all runs due to the electric resistance trim COPw is given by the equation in Figure 4 , and COPrc is 2.7 (from results like those in Figure 8 ).
Since the compressor ran continuously in all tests depicted on Figure 9 , xrc = 1 -xw. The daily energy savings with 24-hour compressor operation is then:
Energy savings = (COP combi -I) · Ecomp -Eran (4) where Ecomp =compressor energy consumption (13.2 kWh for 24-hour compressor operation), an~d Eran = fan energy consumption (1.7 kWh for 24-hour operation).
Based on the equation given above, the energy savings represent the amount of energy recovered from the exhaust air stream less the amount of energy required to run the heat pump's exhaust fan. In an all-electric house, an EAHP system that operated continuously would reduce total household energy consumption by the amount of the energy savings if the reference-case all-electric house (with electric resistance space and water heating) had the same ventilation rate.
The main conclusion from Figure 9 is that load shifting between the fan coil and the water tank has little effect on the combined COP value and energy savings. This is because space-heating COP and water-heating COP are of approximately the same magnitude. However, the reason for the flat maximum in COP (and energy savings) is that water heating with a low heat pump thermostat setpoint produces very high water-heating COPs, but this water-heating COP drops as the setpoint is increased. For a high fan-coil air flow rate such as 400 kg/h, there would be no maximum in combined COP (nor in energy savings), but rather a monotonic decline as the water heating load is increased. However, even in this case, combined COP and energy savings are relatively insensitive to load shifting between water heating and space heating as long as the combined load provides for nearly continuous operation.
LOAD DURATION ASPECTS
Maximizing heat pump load duration (maximum compressor operation) is more important than optimal load shifting between water and space heating because energy savings are directly proportional to load duration (with relatively minor adjustments as discussed in the previous section).
Hence, the heat pump control strategy which influences load duration is of utmost importance.
Unit A has a control system that gives priority to water heating, i.e., space heating is only allowed when the water tank is fully heated. This control strategy is satisfactory during cold winter months when there is ample space heating demand 24 hours a day. The problem arises when there is temporary saturation of the space heat sink during the day. In these periods the control system should have space heating priority so that load duration is not reduced because of simultaneous saturation of both heat sinks. It is also wrong in principle to assign constant priority to the water heat sink because this heat sink has a larger accumulative capacity than the space heat sink, and therefore allows more flexibility in time-shifting of the load. Figure   I 0 and, thus, switches the three-way valve so that condenser heat is used for water heating. Action I is normally activated by a higher setpoint than action 2 (50 "C for example). In this override situation (action I), when the water heating (by the heat pump) is given priority over space heating due to low water temperatures near the top of the hot water tank, compressor operation is governed by the existing thermostat TC 1 near the bottom of the tank which has a setpoint of 50 "C, for example. TC 1 also controls compressor operation when TC 3 is satisfied, i.e., when there is no space heating demand.
It should be noted that the control system of Figure 10 can directly be applied to an EAHP system of the type studied in [2] , namely a fan coil and a water-tank coil heated by a separate water circuit with the heat-pump condenser as. the heat source for this circuit. The only difference relative to Figure 10 is that the three-way valve switches the water flow instead of the refrigerant flow.
For the estimation of the increased load duration achieved with the control system of Figure I 0, reference is made to a Swedish field study [4] of EARPs similar to Unit B. With space heating control priority in the relatively cold climate near Stockholm (3900 "C-days), the heat pumps were found to have essentially continuous load for 35 weeks of the year, and a total yearly load duration of as much as 80% of the year. An analysis of the data for Spring and Fall season in [4] reveals that the space heat sink for the heat pump output becomes saturated when the house heating demand, on a weekly basis, falls below 115% of maximum EARP heating effect (possibly due to temporal variations in heating demand and imperfect distribution of fan-coil heat throughout the house). At this point in Spring, heat pump load duration starts to decrease from 100% and, as heating demand diminishes it goes down successively, reaching 25% when only water heating demand remains.
Using the space heating saturation effect found in [4] on the simulated house in Portland, Oregon, [2] , we can estimate the additional energy savings that can be realized using the control strategy of Figure 10 and continuous operation of the exhaust fan. With this control strategy applied either to Unit A or Unit B, load duration is increased by 23-32% depending on the amount of thermal insulation in the house (lower increase in load duration for a well-insulated house). This increased load duration translates to additional energy savings in Portland, Oregon (2700 "C-days) of 800 kWh for a well-insulated 125 m2 house and 1300 kWh for the same house with more typical insulation.
Based on a combination of original projections of energy savings via an hourly simulation [2] and the estimated additional energy savings given above, the Unit A EAHP system with the controls of Figure I 0 installed in the 125 m2 all-electric house in Portland, Oregon, is estimated to produce annual energy savings of 5600 kWh in the well-insulated house and 7200 kWh in the standard house. These energy savings are based on a comparison to a house with continuous mechanical exhaust ventilation without heat recovery (0.5 air changes/h of ventilation) with electric resistance space and water heating. These energy savings are considerably higher than those estimated in [2] with a EAHP system that is far from optimal. •' Application of exhaust-air heat pump for space and water heating. 
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